Background-Oxygen deprivation for prolonged periods of time provokes cardiac cell death and ventricular dysfunction.
A growing body of evidence suggests that mitochondria play a central role in the apoptotic process. 1, 2 Perturbations to mitochondria resulting in the release of cytochrome c, second mitochondrial activator of caspases (Smac), Apoptosis Inducing Factor (AIF), and others are key components of the mitochondrial death pathway (reviewed by Reed). 3 We have reported previously that hypoxia provokes mitochondrial defects consistent with permeability transition pore (PTP) opening, loss of mitochondrial membrane potential (⌬⌿m), and cytochrome c release, 4 -8 identifying the mitochondrion as a key regulator of myocyte death during hypoxia.
The cellular NF-B activity is regulated by phosphorylation and degradation of the cytoplasmic inhibitor protein IB␣. 9 -11 The IB kinases, notably IKK␤, phosphorylate IB␣ at serine residues S32 and S36, resulting in its proteasomal degradation. Recently, we and others have shown that NF-B activation is needed to suppress tumor necrosis factor (TNF)-␣-induced cell death of ventricular myocytes [12] [13] [14] [15] ; however, the underlying mechanism by which NF-B averts cell death is unknown. Therefore, as a first step toward elucidating the mode by which NF-B suppresses cell death of ventricular myocytes, we ascertained in the present study whether NF-B activation is sufficient to suppress mitochondrial defects and cell death of ventricular myocytes subjected to hypoxia. In this report, we provide new compelling evidence to suggest that NF-B suppresses hypoxia-induced cell death of ventricular myocytes through a mechanism that impinges on mitochondrial death pathway activation. and analyzed for mitochondrial perturbations and cell death as detailed below. This time point was chosen because earlier reports from our laboratory and others established 24 hours of hypoxia to be required to provoke apoptotic changes in neonatal ventricular myocytes. [17] [18] [19] In all cases, data were obtained from at least nϭ3 to 4 independent myocyte cultures using replicates of nϭ3 for each condition tested.
Recombinant Adenovirus
The cDNAs for IB kinase IKK ␤ wild-type (IKK␤wt) or kinasedefective IKK␤ K-M (IKK␤mt) were kindly provided by W. Greene. 20 We generated recombinant adenoviruses encoding wild-type IKK␤wt (Ad IKK␤wt), a kinase-defective IKK␤ (Ad IKK␤mt), and nonphosphorylatable IB␣ (Ad IB␣ SA) by methodologies we reported previously. 21 Normoxic control myocytes were infected with an "empty" control adenovirus, which contains the adenovirus backbone and cytomegalovirus (CMV) promoter (Ad CMV) and was previously determined to be nontoxic to myocytes. 16, 17 Myocytes were infected with a multiplicity of infection of 10, which achieves Ͼ90% of gene delivery to ventricular myocytes. 16, 17 
Cell Viability
Cell viability was determined by use of the vital dyes calcein acetoxymethylester (2 mol/L) to determine the number of living cells (green fluorescence) and ethidium homodimer-1 (2 mol/L) to determine the number of dead cells (red fluorescence) (Molecular Probes) as reported previously. 16, 17 Cells were analyzed from at least nϭ3 to 4 independent myocyte cultures, counting Ն200 cells for each condition tested. Data are expressed as meanϮSEM percent reduction from control.
Western Blot Analysis
For detection of mitochondrial Smac release, the cytoplasmic S-100 fraction of cardiac lysate was prepared from myocytes as reported previously 1,2 and subjected to Western blot analysis using a murine antibody directed toward the 23-kDa Smac/Diablo (generously provided by Dr David L. Vaux, Walter and Eliza Hall Institute of Medical Research, Melbourne, Australia). 22 To isolate mitochondria from ventricular myocytes, cells were washed in HIM buffer (200 mmol/L mannitol, 70 mmol/L sucrose, 10 mmol/L HEPES-KOH, 1 mmol/L EGTA, pH 7.5) as reported previously. 5 The crude cell pellet was disrupted and resuspended in HIM buffer containing 2.0% wt/vol BSA. The homogenate was ultracentrifuged to obtain the mitochondrial fraction and resuspended in 200 mmol/L sucrose, 10 mmol/L HEPES-KOH, 1 mmol/L ATP, 5 mmol/L sodium succinate, 0.08 mmol/L ADP, and 2 mmol/L K 2 HPO 4 . 23 Murine antibodies directed toward ␣-sarcomeric actin (1 g/mL, Sigma) and cytochrome oxidase subunit I (1 g/mL, Molecular Probes) were used as reported previously. 24 Bound proteins were visualized by use of enhanced chemiluminescence reagents (Amersham Pharmacia Inc).
Detection of Caspases
The proteolytic activation of caspase 9 and caspase 3 activity was determined by fluorogenic assay using the substrate DEVD-7-amino-4-trifluoromethyl coumarin for caspase 3 and LEHD-7-amino-4trifluoromethyl coumarin for caspase 9, using 40 g of cardiac lysate protein as reported previously. 1 Hydrolysis of the DEVD or LEHD substrate was followed in a monitored using an excitation filter of 400 nm for caspase 3 and 380 nm/460 nm excitation/emission filter set for caspase 9 as suggested by the manufacturer (Clontech). Data are expressed as meanϮSEM. Caspase activity is expressed as nmol AFC · g Ϫ1 · min Ϫ1 .
Mitochondrial PTP and ⌬⌿m
Mitochondrial PTP opening was determined by loading ventricular myocytes with 5 mol/L calcein-acetoxymethylester (calcein-AM, Molecular Probes) in the presence of 2 to 5 mmol/L cobalt chloride as reported previously. 1, 25 To monitor mitochondrial ⌬⌿m, myocytes were incubated with 50 nmol/L tetramethylrhodamine methyl ester perchlorate (TMRM), (Molecular Probes). 1, 4 Cells were visualized with an Olympus AX-70 Research fluorescence microscope (Carsen Group). Data are expressed as meanϮSEM integrated optical density. 5, 26 
Electrophoretic Mobility Gel Shift Assay
Nuclear extracts from myocytes were prepared as described previously by McKinsey et al. 27 DNA-binding reactions (20 g) were performed using a double-stranded oligonucleotide DNA template for NF-B as reported previously. 28 NF-B supershift experiments were performed with a rabbit antibody directed toward the p65 subunit of NF-B clone C20 (1 g/mL; Santa Cruz) to verify the migrating complex contained the p65 subunit of NF-B as reported previously. 28 Nuclear-protein complexes were resolved on a native 5% polyacrylamide gel in 1ϫ Tris-Borate EDTA, pH 8.0, and detected by autoradiography.
Statistical Analysis
Multiple comparisons between groups were determined by 2-way ANOVA. Unpaired 2-tailed Student's t test was used to compare mean differences between groups. Differences were considered to be statistically significant at a level of PϽ0.05. In all cases, the data were obtained from at least nϭ3 to 4 independent myocyte isolations using nϭ3 replicates for each condition tested.
Results
Because cellular NF-B activity is regulated by IKK␤mediated phosphorylation and degradation of IB␣, 13, 29 we ascertained whether signaling pathways mediated by IKK␤ are functionally intact and operational for NF-B activation in ventricular myocytes. For these experiments, adenoviruses encoding wild-type and catalytically inactive versions of IKK␤ were generated. Cardiac myocytes were subsequently transfected with a luciferase reporter plasmid containing tandem binding elements for NF-B and infected with replication-defective adenovirus encoding either wild-type IKK␤wt or kinase-inactive mutant IKK␤mt. 20, 30 As shown in Figure 1A , cells expressing IKK␤ resulted in a 3.8-fold increase (PϽ0.05) in NF-Bdependent gene transcription compared with controls cells. Importantly, no apparent increase in NF-Bdependent gene transcription was observed with the IKK␤mt, verifying that this mutation of IKK␤ was catalytically inactive and defective for activating NF-B in ventricular myocytes. Furthermore, IKK␤wt-mediated NF-B gene transcription was inhibited with a nonphosphorylatable form of IB␣ (IB␣SA), verifying that IKK␤wtmediated gene activation was contingent on the activation of the NF-B signaling pathway. Moreover, electromobility shift analysis revealed an increase in NF-B-dependent DNA binding in cells expressing the IKK␤wt compared with vector control cells. Importantly, IKK␤wt-mediated NF-B DNA binding was inhibited with the IB␣SA ( Figure 1B) , a finding consistent with our transcription data. The data verify that the signaling pathways mediated by IKK␤wt are functionally intact and operational for NF-B activation in ventricular myocytes. 14, 21 Therefore, for subsequent experiments, we used IKK␤wt as a surrogate for activating the NF-B signaling pathway in ventricular myocytes.
To establish whether NF-B activation is sufficient to suppress hypoxia-induced apoptosis of ventricular myocytes, we subjected postnatal ventricular cells to hypoxia in the absence and presence of IKK␤ proteins. For these experiments, normoxic and hypoxic myocytes were infected with adenoviruses encoding either IKK␤wt or IKK␤mt and stained with the vital dyes calcein-AM and ethidium homodimer-1 to mark the number of live cells (green) and dead cells (red), respectively. 13 As shown in Figure 2 , A and B, myocytes expressing IKK␤wt were indistinguishable from control cells (control versus IKK␤wt, Pϭ0.21) with respect to cell viability, indicating that IKK␤wt was not cytotoxic to myocytes. Interestingly, a 3.3-fold increase (PϽ0.05) in myocyte death was observed in myocytes expressing the dominant-negative IKK␤mt compared with control cells or cells expressing the IKK␤wt, indicating that basal NF-B activity is required for cell survival. In contrast to normoxic control cells, a significant 9.1-fold increase (PϽ0.05) in myocyte death was observed in cells subjected to hypoxia. Moreover, a significant increase in nucleosomal DNA fragmentation by Hoechst 33258 nuclear staining was observed in cells subjected to hypoxia compared with normoxic control cells, (PϽ0.01) ( Figure 2B ), a finding concordant with our previous data verifying that hypoxia provokes apoptosis of ventricular myocytes. 1, 5 Importantly, hypoxia-induced apoptosis was suppressed in myocytes expressing IKK␤wt (PϽ0.01) but not in cells expressing the IKK␤mt and defective for NF-B activation ( Figure 2B ). These data strongly suggest that NF-B may be important for suppressing apoptosis in cardiac myocytes during hypoxia and are consistent with earlier work from our laboratory demonstrating a critical role for NF-B for suppression of apoptosis by the antiapoptotic factor Bcl-2. 12, 21 Because mitochondria are known targets of hypoxic injury, we reasoned that NF-B may avert cell death by operating at the level of the mitochondria. This prompted us to examine whether NF-B is associated with mitochondria. For these experiments, S100 cytoplasmic and mitochondrial fractions were prepared from ventricular myocytes and subjected to Western blot analysis.
As shown in Figure 3 , the p65 subunit of NF-B was readily detectable in the S100 cytoplasmic fraction. Interestingly, however, NF-B p65 was also detectable in the mitochondrial fraction under basal conditions ( Figure 3 ). To verify that these novel and unanticipated findings were not a result of incomplete cytoplasmic and mitochondrial fractionation, we probed the Western blot with antibodies directed toward specific cytoplasmic and mitochondrial markers. As shown in Figure 3 , the cytoplasmic marker ␣-sarcomeric actin was detected exclusively in the S100 cytoplasmic but not in the mitochondrial fraction, whereas cytochrome oxidase subunit I was detected preferentially in the mitochondrial but not in the cytoplasmic fraction. This substantiates the integrity of our cellular fractions and verifies that detection of NF-B in the mitochondrial fraction of ventricular myocytes was not factitiously introduced by incomplete separation of cytoplasmic and mitochondrial compartments. Moreover, our data are concordant with a recent report documenting the presence of NF-B in mitochondria. 31 The significance of the presence of NF-B in the mitochondria is unknown but raises the interesting possibility that the cytoprotective actions of NF-B may reside in its ability to suppress mitochondrial defects during hypoxic injury.
Because perturbations to mitochondria resulting from the opening of the mitochondrial PTP have been suggested to be an underlying feature of the mitochondrial death pathway during hypoxia, we next ascertained whether IKK␤-mediated NF-B activation influences mitochondrial function and hypoxia-induced PTP changes. For these experiments, ventricular myocytes were loaded with calcein-AM in the presence of cobalt chloride to quench the cytoplasmic signal. 1 The loss of green fluorescence by mitochondria is a measure of mitochondrial membrane permeability and can be used as an index of PTP opening. 17, 25 As shown in Figure 4A , normoxic were infected with a control adenovirus, AdCMV. Data are expressed as meanϮSEM, fold increase from control cells from at least nϭ3 to 4 independent myocyte isolations using replicates of nϭ3 for each condition tested; **statistically different from CNTL. B, Electrophoretic mobility gel shift analysis for NF-B in ventricular myocytes. Equivalent amounts of nuclear extract were analyzed for NF-B binding activity. Supershift analysis of NF-B with goat antibody directed toward p65 subunit of NF-B verified that higher-migrating complex contained p65 NF-B subunit (data not shown; see Methods for details) as we reported previously. 28 Arrow indicates p65 subunit of NF-B.
control cells displayed punctate green-staining mitochondria, indicative of the PTP in a closed configuration. In contrast, however, a significant 4.2-fold reduction (PϽ0.01) in mitochondrial green fluorescence was observed in cells subjected to hypoxia compared with normoxic control cells, indicative of the PTP in the open configuration. Importantly, hypoxia-induced mitochondrial PTP opening was suppressed in ventricular myocytes expressing IKK␤wt but not in cells expressing the kinasedefective IKK␤mt (Figure 4) . Consistent with the PTP data were an observed 4.9-fold reduction (PϽ0.01) in mitochondrial ⌬⌿m in cells subjected to hypoxia compared with normoxic control cells ( Figure 5 ). Importantly, the hypoxia-induced loss of ⌬⌿m was significantly less (1.3-fold) in cells expressing IKK␤wt compared with normoxic controls (PϽ0.01). These findings confirm that hypoxia triggers perturbations to mitochondria consistent with PTP opening and loss of ⌬⌿m through a pathway that is inhibitable by NF-B.
Because earlier work postulated that mitochondrial defects resulting in PTP opening and loss of ⌬⌿m were requisite events for the release of proapoptotic factors by mitochondria important for caspase activation and cell death, we next Figure 2 . Hypoxia-induced cell death of ventricular myocytes is suppressed by NF-B. A, Immunofluorescence images of ventricular myocytes. Cell viability was determined using vital dyes 2 mol/L calcein acetoxymethyl ester and 2 mol/L ethidium homodimer-1 to distinguish number of live (green) vs dead (red) cells, respectively. Normoxic control cells (CNTL); hypoxia (HYPX); cells expressing IKK␤wt (IKK␤wt); cells expressing IKK␤mt (IKK␤mt); and cells subjected to hypoxia in presence of IKK␤wt (HYPX ϩIKK␤wt) or IKK␤mt (HYPXϩIKK␤mt). B, Fluorescence images of myocytes stained for nuclear morphology with Hoechst 33258 dye (blue); labels are same as described for A. C, Histogram showing quantitative data from A. Data were obtained from at least nϭ3 to 4 independent myocyte isolations, counting at least Ն200 cells per condition tested; **statistically different from CNTL; §statistically different from HYPX. Figure 3 . Localization of NF-B to mitochondria. Western blot of cytoplasmic S-100 and mitochondrial fractions of cardiac myocytes probed with antibodies directed toward p65 subunit of NF-B as well as specific cytoplasmic and mitochondrial markers; ␣-sarcomeric actin (46 kDa) is detected in cytoplasmic S100 but not in mitochondrial fraction; cytochrome oxidase subunit I (66 kDa) is detected in mitochondrial but not in S100 cytoplasmic fraction. assessed whether hypoxia triggers the mitochondrial release of proapoptotic factors such as Smac, a key factor involved in postmitochondrial caspase activation. As shown by Western blot analysis ( Figure 6A) , Smac was absent from the S100 cytoplasmic fraction of normoxic cells but was readily detectable in the S100 fraction of cells subjected to hypoxia. Importantly, hypoxia-induced Smac release was suppressed in cells expressing IKK␤wt but not in cells expressing the IKK␤mt. Because mitochondrial defects leading to Smac release are considered to be important events for caspase activation, we next assessed whether caspase 9 and the death effector caspase 3 were activated in hypoxic cells. As shown in Figure 6B , a significant 4.8-and 4.4-fold increase (PϽ0.01) in caspase 9 and caspase 3 activities were observed in hypoxic cells compared with normoxic control cells. Importantly, hypoxia-induced caspase activation was suppressed in cells expressing the IKK␤wt. Collectively, the data strongly suggest that IKK␤-mediated NF-B activation suppresses cell death of ventricular myocytes through a mechanism that prevents hypoxia-induced mitochondrial perturbations.
Discussion
In this report, we provide the first direct evidence that IKK␤-mediated NF-B activation activates a survival pathway that is sufficient to suppress hypoxia-induced apoptosis of ventricular myocytes. Moreover, our data strongly suggest that NF-B may suppress apoptosis through a mechanism that impinges on the mitochondrial death pathway. This is substantiated by the finding that hypoxia-induced mitochondrial defects, including PTP opening, loss of ⌬⌿m, and Smac release, were suppressed in NF-B-activated cells. The mode by which hypoxia provokes apoptosis of ventricular myocytes is poorly defined; however, recent work by our laboratory and others has demonstrated that mitochondrial perturbations consistent with PTP opening, loss of ⌬⌿m, and caspase activation are the predominant underlying cause. 2, 32, 33 Furthermore, pharmacological interventions that suppressed hypoxia-induced PTP opening were also suffi- A, Mitochondrial membrane potential ⌬⌿m was monitored using TMRM; normoxic control myocytes (CNTL); hypoxia (HYPX); cells expressing IKK␤wt (IKK␤wt); cells expressing IKK␤mt (IKK␤mt); cells subjected to hypoxia in presence of IKK␤wt (HypoxiaϩIKK␤wt); and IKK␤mt (Hypox-iaϩIKK␤mt). Loss of mitochondrial ⌬⌿m is indicated by a reduction in TMRM red fluorescence. 4 B, Histogram represents quantitative data for A. Data are expressed as meanϮSEM. Integrated Optical Density (IOD); **statistically different from CNTL; §statistically different from HYPX. cient to suppress hypoxia-induced apoptosis of ventricular myocytes, 1,17 establishing a strong association between hypoxia-induced mitochondrial perturbations and death of ventricular myocytes. The findings of the present study are intriguing and suggest that NF-B activation may suppress apoptosis of ventricular myocytes during hypoxia by preventing the mitochondrial defects that underlie PTP opening. The PTP, which is compromised in part of the VDAC, ANT, and cyclophilin D, presumably opens in response to death signals. 34, 35 PTP opening results in loss of ⌬⌿m, largeamplitude swelling, and the release of proapoptotic factors by mitochondria, including Smac, procaspases, and others, ostensibly amplifying the death signal and caspase activation. 34, 36 Although the mode by which NF-B suppresses apoptosis is unknown, the fact that it can reportedly suppress cell death by different death signals [37] [38] [39] implies that it most likely impinges on 1 or more components of the cell death pathway.
This suggests that the survival properties conferred by NF-B may not be mutually dependent or obligatorily linked to its ascribed nuclear action, given a recent report documenting the localization of NF-B to mitochondria. 31, 40 The significance of this observation and its relation to cell death is unknown but raises the interesting possibility that NF-B may avert apoptosis in part by directly modulating mitochondrial function. This view is supported by the findings of the present study, which indicate that hypoxia-induced mitochondrial defects, including PTP opening, were suppressed by NF-B.
The underlying mechanism by which NF-B protects against mitochondrial perturbations during hypoxia is unknown. However, we provide 3 tenable explanations that may account for the observed findings. First, because PTP opening can reportedly be influenced by the proapoptotic factors Bak, Bax, and others, it is possible that NF-B may directly or indirectly impair the ability of these factors to open the PTP. Figure 6 . Hypoxia provokes mitochondrial Smac release and caspase activation. A, Western blot analysis of S100 cytoplasmic fraction of normoxic and hypoxic myocytes: normoxic control myocytes (CNTL); hypoxia (HYPX); cells expressing IKK␤wt (IKK␤wt); cells expressing IKK␤mt (IKK␤mt); cells subjected to hypoxia in presence of IKK␤wt (HypoxiaϩIKK␤wt); and IKK␤mt (HypoxiaϩIKK␤mt). Arrow depicts 23-kDa Smac protein. B, Caspase 9 and caspase 3 activity in ventricular myocytes under normoxic and hypoxic conditions; labels are same as for A. Data are expressed as meanϮSEM nmol AFC · g Ϫ1 · min Ϫ1 ; **statistically different from CNTL; §statistically different from HYPX. Second, given that several antiapoptotic factors, including cellular inhibitors of apoptosis (c-IAP) cIAP1, c-IAP2, and Bcl-2, are known to be transcriptional targets of NF-B, we cannot exclude the possibility that NF-B may suppress cell death by activating 1 or more of these survival genes. However, the fact that hypoxia-induced PTP opening and Smac release were markedly suppressed in NF-B-activated cells would argue that NF-B suppresses mitochondrial events upstream of Smac release. Furthermore, no apparent changes in the expression levels of the c-IAP1, cIAP2, or Bcl-2 were observed in cells expressing IKK␤ (K.M. Regula, K. Ens, and L.A. Kirshenbaum, unpublished data). This raises the third and perhaps the most compelling possibility, that NF-B may influence PTP opening by directly influencing the activity of 1 or more components of the PTP itself. This notion is supported by a recent finding documenting the interaction between IB␣ and the PTP component ANT. 40 The significance of this finding and its relation to mitochondrial PTP opening and cell death remains to be elucidated but raises the possibility that NF-B-IB␣ complexes at the level of the mitochondria influence PTP components during hypoxia. That transcription factors other than NF-B may have sites of action outside the nucleus is supported by a recent report documenting the localization of the nuclear protein p53 to mitochondria after a death signal. 41 Importantly, the ability of p53 to provoke mitochondrial defects and cell death was independent of p53-mediated transcription. Whether or not NF-B is sufficient to avert apoptosis independently of de novo gene transcription, its ability to localize to mitochondria or both is unknown and is an active area of investigation.
Although our data substantiate a cytoprotective role for NF-B in ventricular myocytes, it must be stated that the ability of NF-B to suppress apoptosis may not be a universally conserved feature, because under certain instances, as in the case of Sindbis virus infection or in the case of proinflammatory cytokines, NF-B may trigger rather than prevent apoptosis. 42, 43 Thus, whether NF-B operates as a proapoptotic or antiapoptotic factor may instead depend on the cell type and the activating pathway. Furthermore, whether biological signals that activate NF-B outside the canonical IKK signaling complex are equivalently sufficient to avert hypoxia-induced mitochondrial defects and apoptosis in ventricular myocytes is unknown and has not been formally tested.
Nevertheless, under the conditions tested, our data provide new compelling evidence to suggest that IKK␤-mediated NF-B activation activates a survival pathway that suppresses hypoxia-induced mitochondrial defects and apoptosis of ventricular myocytes. The fact that myocytes defective for NF-B activation with the IKK␤mt exhibited an increased incidence of cell death strongly supports the contention that NF-B may be crucial for cell survival. This notion is concordant with previously published work by our laboratory demonstrating that functional inactivation of NF-B rendered cells susceptible to TNF-␣-induced apoptosis 12, 13 and is further corroborated by a recent report by Misra et al, 44 who demonstrated an increased susceptibility of hearts defective for NF-B activation to ischemic injury. Although mitochondrial function was not assessed by Misra et al, 44 the fact that Bcl-2 expression was reportedly reduced in NF-B-defective hearts strongly supports our data and the argument that NF-B suppresses cell death during ischemic/hypoxic injury through a mechanism that involves components of the cell death pathway that impinge on mitochondrial function. Therefore, interventions designed to selectively activate the NF-B signaling pathway may prove beneficial in suppressing mitochondrial death pathway activation and cardiac cell death in patients with ischemic heart disease.
